The order Rhizocephala, or parasitic barnacles, is mostly parasitic on decapod crustaceans. The life cycle involves free-living nauplii and/or a cyprid stage, and a trophic endoparasitic stage, the interna, which ramifies within the host body and ultimately sprouts a saccular female reproductive body, the externa, which projects mushroom-like from the host's body. The ova of the externa are fertilized by sperm from one or two dwarf males lodged within as many receptacles in the externa. In the only species, Loxothylacus panopaei (Gissler), where a continuum of all stages of the life cycle has been fully described (Glenner, 2001) , it is shown that an externa together with its interna arises from a single cyprid larva. However, in many cases a host may carry more than one, and sometimes many, externae. Instances of multiple externae have variably been explained as having arisen from multiple infection (Krüger, 1912) or by asexual reproduction through budding from a single interna (Smith, 1906) . It is generally inferred that budding is operative in a few species of two families of the rhizocephalan suborder Kentrogonida and in three families of the suborder Akentrogonida (Høeg and Lützen, 1985) . Such an apparently random occurrence of budding raises the question of whether asexual reproduction is a plesiomorphy within the Rhizocephala that has been suppressed in the majority of extant species, or a phenomenon that has evolved more than once. Further, it is relevant to ask if production from an interna of several externae, rather than of a single one, involves an evolutionay selective advantage. Glenner (2001) has documented that the anlage to the reproductive organs of the externa is already present in the cyprid larva, but although this shows how the sexual organs of a solitary externa arises, it fails to explain how the many organs of multiple externae develop from the anlage of a single cyprid larva.
Reproduction by budding in rhizocephalans have been studied using morphological and statistical methods (Pérez, 1931; Takahashi and Lützen, 1998; Liu and Lützen, 2000) , but these are often insufficient or fail to meet their objective. Reasoning that asexual reproduction results in a clone of genetically identical individuals, the present study uses molecular methods to examine the mutual and intrafamilial phylogenetic relations of three species of Sacculina (family Sacculinidae, Kentrogonida) that are known, or with good reasons suspected, to reproduce asexually.
MATERIALS AND METHODS

Molecular Methods
Preparation and Amplification.-DNA was extracted from the externae of alcohol-preserved adult parasites using QiaAmp tissue kit protocol (QIAGEN, Inc., Santa Clara, California). Species, hosts, sample locations and GenBank accession numbers are listed in Table 1 . DNA sequences from three genera were amplified: i) the nuclear ribosomal gene 18s, 1913 bp; and ii) 561 bp of the Mitochondrial Cytochrome Oxidase 1 (CO1). Primers for 18s rDNA were obtained from Spears et al. (1992) . CO1 primers used were CO1f: 59-CCT GCA GGA GGA GGA GAY CC-39 (Palumbi, 1996) and r6rev: 59-CCT AAG AAA TGT TGA GGR AAR AAW G-39.
DNA Sequencing.-Primers and unincorporated nucleotides were removed from PCR products using QIAquik PCR Purification kit (QIAGEN, Inc., Santa Clara, California). Cycle sequencing was conducted using a Perkin Elmer /ABI Dye Terminator Cycle Sequencing Kit and run on a thermocycler. Cyclic sequencing products were ethanol precipitated and sequenced using a Perkin Elmer 377 Automated Sequencer (Applied Biosystems, Inc., Foster City, California). Sequence editing was performed using Sequencer (Gene Codes Corporation, Inc., Ann Arbor, Michigan).
Sequence Alignment and Phylogenetic Analysis.-Sequences were assembled and aligned in CLUSTAL W ( Thompson et al., 1994) using default parameters (slow multiple alignment option: gap opening penalty ¼ 10; gap extension penalty ¼ 0.20; sequences with greater than 30% divergence delayed). All substitutions were equally weighted. Parsimony analyses were performed in PAUP* 4.0b8a Beta version (Swofford, 1998) using the exhaustive search option. In all analyses, character states were unordered and weighted equally, and alignment gaps were coded as missing data. The most parsimonous topology was evaluated both by bootstrap resampling (Swofford, 1998) for 500 replicates, each with 20 random-addition heuristic searches, and by Bremer support or decay index (Felsenstein, 1985; Bremer, 1994) by the use of the TreeRot program (Sorenson, 1999) .
Combined Analysis.-In order to test the support contributed by each data set when combined, we used the TreeRot program to calculate the partitioned branch or Bremer support (Sorenson, 1999) . The incongruence-length-difference test (ILD) was used to assess the null hypothesis of congruence among data sets (Baker et al., 1997) using the Partition Homogeneity test option in PAUP* with 100 iterations.
Maximum Likelihood.-Maximum-likelihood analyses were performed using PAUP* 4.0b8a. Modeltest 3.0 (Posada and Crandall, 1998) was used to select the best-fit model of nucleotide substitution for the dataset. The best-fitting model was then used in a heuristic search to find the tree that had the highest likelihood on that dataset. Support for individual clades was evaluated using nonparametric bootstrapping (Felsenstein, 1985) obtained from the fast-search option in PAUP*.
Morphological Methods
All specimens of Sacculina gregaria Okada and Miyashita are from Maruyama River, Hyogo, Japan. The material comprises a male crab (carapace width (CW) 52.2 mm) with 19 externae and a female crab (CW 48.6 mm) with 24 virginal externae (Fig. 2A) ; and a female crab (CW 60.8 mm), with 13 externae. The abdomens with the externae in situ were separated from the crabs and preserved in Bouin's fluid. Three virginal and two immature externae were embedded in paraplast, serially sectioned (8 lm) and then stained with hematoxylin and eosin. The thick dorsal cuticle of the abdomen of the largest female crab was removed, and one-fourth of the infected part was embedded in paraplast. The 8 lm thick serial sections of this part were stained as above.
The abdomens of hosts of three other rhizocephalans were serially sectioned after fixation in Bouin's fluid and embedding in paraplast: two specimens of Pinnotheres parvulus Stimpson (parasite: Sacculina pinnotherae Shiino), Matsushima Island, Kyushu, Japan, 5 October 1998; two specimens of Charybdis longicollis Leene (parasite: Heterosaccus dollfusi Boschma), Mediterranean coast, Israel, November 1994); one specimen of Pachygrapsus sp. (parasite: Sacculina confragosa Boschma), Japan.
RESULTS
Molecular Data
18s rDNA Analysis.-The 1913 bp of 18s rDNA from the ten species were sequenced; 239 sites yielded parsimonious information. One single tree resulted from a maximum parsimonious analysis (Fig. 1A) . The tree was 666 steps long (CI ¼ 0.78; RI ¼ 0.85), and its topology was very similar with the tree resulting from the CO1 analysis. In contrast to CO1, 18s rDNA resolved the asexually reproducing clade, suggesting a sister-group relationship between S. plana and S. gregaria with S. polygenea as closest outgroup. Also, the 18s rDNA data strongly support a clade consisting of asexually reproducing species and suggest a nonmonophyletic genus Sacculina. CO1 Analysis.-We sequenced 561 bp CO1 mt DNA from eleven species of rhizocephalans. Of the 561 sites, 242 were parsimonious informative. A maximum-parsimony analysis of CO1 data for the eleven taxa gave four MPT, each 754 steps long (CI ¼ 0.63; RI ¼ 0.58). Figure 1B shows the strict consensus of the four alternative phylogenetic hypotheses with bootstrap and branch support values indicated. The tree reveals great support for a monophyletic clade consisting of the asexually reproducing species (S. plana, S. polygenea, and S. gregaria). However, it was not possible to resolve the relationship within the asexually reproducing clade. Neither could the analysis resolve whether S. carcini was closer related to the clade consisting of L. panopaei and H. californicus than to the other sacculinids.
Combined Analyses.-The three data sets were tested for incongruence by use of the IDL test (Farris et al., 1994; Baker et al., 1997) . No significant difference in the three data sets could be detected (H O could not be rejected), and they were then combined into one. A parsimony analysis revealed one fully resolved tree (Fig.  1C) , 1481 steps long (CI ¼ 0.69; RI ¼ 0.71) with a topology identical to the tree resulting from the 18s rDNA analysis. In addition to the bootstrap and Bremer support values, the partitioned Bremer support values are also identified on the combined tree. From this, it appears that the 18s rDNA accounts for 58% of the branch support for the asexual reproducing clade with CO1 accounting for 42%. In conclusion, the combined analysis strongly supports a monophyletic asexually reproducing clade of sacculinids and suggests that the genus Sacculina is not monophyletic.
Maximum likelihood of the two data sets 18s (Fig. 1D) and CO1 (Fig. 1E) revealed almost identical topologies. The only differences were that CO1 did not resolve the clade of Polyascus species and that S. carcini came out as sister species to the rest of the sacculinid rhizocephalans, although the bootstrap value for this branch were below 50. When the combined data were analyzed by maximum likelihood (Fig. 1F) , the same three major clades were found as in the combined parsimony analyses, all with high bootstrap values. One clade consisting of S. sinensis, S. leptodiae, S. confragosa, and S. oblonga; one clade of the species of new genus, P. gregaria, P. polygenea, and P. plana; and one clade including L. panopaei, S. carcini, and H. californicus were revealed. The topology of the first clade was the same in both analyses. In the clade consisting of the new genus Polyascus, P. gregaria came out basal in the maximum likelihood analyses instead of P. polygenea as in the parsimony analysis. However, the bootstrap value that supports the S. polygenea and S. plana clade is only 53, and the phylogram in Fig. 1F also discloses an extraordinarily short branch. Also, the third clade (L. panopaei, S. carcini, and H. californicus) had a different topology in the maximum-likelihood analyses, with L. panopaei coming out basal.
Morphology of Externae and
Tumours of S. gregaria Sectioning revealed that virgin externae are 4-5 mm in width and height ( Fig. 2A) and perfectly bilaterally symmetrical. When located in the mid region of the host's abdomen, the larger but still immature externae maintain the bilateral symmetry (Fig. 2B) . In contrast, the oblique asymmetrical growth shown in Fig. 2A is characteristic of externae situated in the lateral parts of the abdomen and is probably a result of crowding. The stalk is fairly long (4-6 mm) in larger specimens. Up to four annuli (indicating as many moults) circumscribe the proximal part of the stalk or the lower part of the body in such specimens (Fig. 2B) . The external cuticle in the largest specimens (with four annuli) is thin, without excrescences. Its surface is divided into small rugged areas separated by completely smooth spaces. Each of the two globular receptacles connects with the mantle cavity through a short, narrow and slightly sinuous tube lined by a heavy cuticle.
Abdominal tumors and nuclei, i.e., internal anlage to externae, occur sparsely within the abdomen of the sectioned host specimen of E. japonica. It is estimated that the entire abdomen contained about 40 tumors, most of them in a relatively early stage of development. No such tumors were found in the sectioned abdomens of any of the other three parasitized crab species.
DISCUSSION
One protein coding mitochondrial gene, cytochrome oxidase 1 (CO1), and one nuclear ribosomal gene (18s rDNA) were used to resolve the phylogenetic relationship between the parasitic barnacles under study. These genes were chosen because they represent as different and as independent datasets as possible to provide more weight to congruent results. Ribosomal genes like 18s rDNA are known to cause aligning problems (Spears and Abele, 1998) , but in the present study the number of gaps and deletions were negligible.
Results from the ILD test could not disprove the hypothesis of character congruence between either of the two data sets. In fact, using parsimony analyses, the two genes produced almost identical trees. Both genes supported the clade consisting of S. plana, S. gregaria, and S. polygenea. The only difference was that 18s rDNA in contrast to CO1 resolved the clade. The rest of the sacculinids were consistently clustered in two different clades. Four species, S. oblonga, S. confragosa, S. leptodiae, and S. sinensis formed a sistergroup to the asexually reproducing clade. Another group consisting of S. carcini, H. californicus, and L. panopaei came out as a strongly supported monophyletic group basal to the rest of the sacculinids (Fig. 1C) .
The maximum-likelihood analyses revealed the same three major clades, although their internal topology slightly disagreed. However, both analyses implied that S. carcini is more closely related to L. panopaei and H. californicus than to the other sacculinids studied and that consequently the genus Sacculina cannot be regarded as monophyletic. This does not disagree with the results of Murphy and Goggin (2000) , which also demonstrated great genetic difference between Sacculina carcini and Sacculina oblonga, although the data were never used in a phylogenetical context. As to the relationship between S. gregaria, S. plana, and S. polygenea, the conclusion based on the molecular studies is corroborated by the morphological observations. The externae of S. gregaria are basically symmetrical and the body has the same dimensions as in the two other species. The external cuticle is smooth or almost smooth in all three species. The ducts of the twin receptacles of S. gregaria, which were not described by Okada and Miyashita (1935) but observed by Boschma (1937) and ourselves, have exactly the same structure as in the two other species. It is also worth noting that sternal externae, otherwise recorded only from S. plana and no other sacculinid (Liu and Lützen, 2000) , may occur also in S. gregaria, as is evident from the illustrations by Sakai and Matsuoka (1987, figs. 2C, 7D, and E9).
Abdominal tumors in crabs that are already externally sacculinized have been demonstrated to occur only and permanently in S. polygenea, S. plana, and now S. gregaria. When sacculinized host crabs of S. polygenea were kept in captivity, they moulted quite regularly, and a new generation of externae was produced from such tumors, a process that may be repeated one or two times, the average number of new externae increasing at each moult ( Fig. 3 ; Takahashi and Lützen, 1998) . Dr. Hung-Chang Liu observed the same in a captive parasitized specimen of Grapsus albolineatus. A study is under way to discover if this also occurs in parasitized mitten crabs.
Externae of the Sacculinidae typically occur singly on the crab host, and the laterally compressed body of most species is designed to fit exactly into the narrow space between the host's sternum and abdomen. Asexual reproduction normally produces multiple externae, although the average number present is moderate in S. polygenea (1.02-2.67; Takahashi and Lützen, 1998) and in S. plana (1.88-2.85; Liu and Lützen, 2000) . The number is many times larger in S. gregaria (Okada and Miyashita 1935; 13-24 in the present study). However, multiple externae occur in other sacculinids as well, more frequently in some than in other species. Budding is not necessarily responsible for this situation, which may have arisen as a result of successful infection by more than one cyprid larva (Fig. 3a-c) . No tumors were found in seven host specimens (Carcinus maenas) of S. carcini (Lützen, 1981) or in that of S. confragosa, both representing host/parasite associations in which multiple externae are very rare. Nor are they known in the hosts of S. pinnotherae and H. dollfusi, in which multiple externae occur quite frequently (Shiino, 1943; Galil and Lützen, 1995) . At present, we regard instances of multiple externae in these species as having arisen by multiple infections rather than by budding.
The demonstrated nonmonophyletic status of the genus Sacculina, and the inordinately large number of species, call for a thorough revision of the genus. We have shown that three of the studied species are closely related, but also that they share apomorphic morphological characters that justify a phylogenetic position outside the genus (as defined by its type species, Sacculina carcini). In particular, the simple structure of the receptacle(s) in the three asexually reproducing species contrasts sharply with the complicated layout of these organs in S. carcini as studied and illustrated by Delage ‹ (1884). We therefore feel justified in establishing a new genus of the family Sacculinidae to include these three species.
Polyascus, new genus
Diagnosis.-External cuticle smooth or almost smooth, normally without excrescencies. One or two globular receptacles located at base of stalk, outside ovary. Two receptacle ducts short, slightly sinuous tubes lined by heavy cuticle. Multiple externae, formed by budding from root system, occur frequently.
Type Species.-Sacculina polygenea Lützen and Takahashi, 1997.
Etymology.-The generic name is composed of the Greek words, poly (¼ many) and ascus (¼ bag), alluding to the frequent occurrence of , and E 2 and F are separated by a moult before which the externa die and drop off, leaving a scar (sc) and after which new externae appear. Arrows indicate moults. multiple externae in species of the genus. The genus is masculine.
Remarks.-Rhizocephalan externae are morphologically very simple, and the number of structures available to the taxonomist are consequently few, a fact that is partially responsible for the present confused state of the systematics of the family Sacculinidae. To be successful, a systematic revision ought not only to be based upon improved morphological techniques applied to new material, as many species have been described from insufficiently preserved specimens, but as the present study indicates, it must also be supported by new molecular data. On perusing the diagnoses and descriptions of all described species of Sacculina, we have selected a small number of species which not only share the diagnostic features of Polyascus with only minor variations, but some of which also exhibit an apparent surplus of multiple infections indicative of asexual reproduction (Table 2) . They have mostly been described from inadequate material and have remained inaccessible to us for a molecular study. However, we predict that if or when new material of these species becomes available, many of them will most probably be included within Polyascus.
The phenomenon of budding in rhizocephalans has sometimes been referred to as polyembryony (Smith, 1906) . This term, however, exclusively refers to cases in which a fertilized egg divides into two or more embryos, and as such, it does not occur in the Rhizocephala. Among Arthropoda, polyembryony as a normal recurrent phenomenon is known only in the insect orders Strepsiptera and parasitic Hymenoptera (Richards and Davies, 1977) . Asexual reproduction, or budding, in rhizocephalans occurs at the much later, postlarval, internal stage in the parasitic life cycle and has no analogues whatsoever in any other arthropods.
Besides in Polyascus, it has been demonstrated to occur in another kentrogonid genus (Peltogasterella) plus in several genera of the suborder Akentrogonida (Høeg and Lützen, 1996) . In S. carcini, several nuclei are formed within a common tumor, but only one develops into an externa (Rubiliani et al., 1982) . To try to answer the question posed in the Introduction, whether this type of reproduction has arisen more than once, requires construction of a reliable phylogeny of the Rhizocephala, one that does not exists at present. A forthcoming gross-phylogeny of the group based upon molecular data (Glenner, in prep.) will attend to the question.
Asexual reproduction by budding in sacculinids involves certain implications some of which might be evolutionarily advantageous. (a) For one thing, it results in the offspring being supplied with an increased genetic variation. This is because of the special circumstances characterizing reproduction in these parasites. In order to become capable of propagating successfully, one or both of the externa's twin receptacles must each house a sperm-producing dwarf male, without which it would otherwise degenerate and die (Høeg and Lützen, 1995) . The offspring of a solitary externa is therefore the genetic product of a single female and one or two males. As multiple externae produced by budding represent cloned individuals, the offspring of twin externae is still the product of a single female but that of 2-4 males, the offspring of triple externae the product of one female and 3-6 males, et cetera. The result is that budding sacculinids produce larvae with much greater genetic variability than solitary externae.
(b) If wounded or otherwise damaged, an externa will perish, as it is totally incapable of regenerating. In cases of multiple externae, serious damage, death, or surgical removal of a single externa does not negatively affect others co-occurring on the same host, which, if left untouched, will survive. Therefore, asexual reproduction might offer a selective advantage as it tends to minimize the risk of total fatal damage to the parasite. (c) There are indications that-irrespective of how they have originated-the total volume of multiple externae of a single crab outweighs that of a solitary externa of a crab of similar size by a factor of 1.5-3 (Wardle and Tirpak, 1991; Galil and Lützen, 1995) . As reproductive output is correlated to externa volume (Werner, 2001) , asexually produced multiple externae are therefore likely to increase the parasite's capacity for the production of progeny.
In summary, budding sacculinids have a larger potential for producing larvae than solitary externae, and these larvae are also genetically more diverse. But there may also be inherent inconveniences. All things considered, the demand of males increases with the average number of multiple externae and e.g., in Sacculina gregaria, a single female cyprid developing into a multitude of externae is likely to need the sperm produced by 15-30 male cyprids in order to reproduce sucessfully. Several studies have shown that the sex ratio of rhizocephalan larvae produced may vary with the season, from specimen to specimen, and with age (Yanagimachi, 1961; Ritchie and Høeg, 1981; Høeg, 1984; Walker, 1985 Walker, , 1987 Werner, 2001) . The underlying mechanism for this peculiar phenomenon is largely unknown, but one might imagine that in species whose life cycle requires immoderately many male larvae, this mechanism could operate to cope with this situation. In areas of low prevalence, asexual reproduction would be costly because if the chances of a single externa to be located by one or two cyprid males are small, the likelihood that the males will find every multiple externae on the same host is even less. This entails that many of these externae will never receive a male and therefore will degenerate, which obviously would be a waste of the limited energy resources.
In conclusion, molecular data strongly support a monophyletic clade of asexually reproducing sacculinid rhizocephalans (Polyascus, new genus), whose otherwise reduced adult morphology offer few characters usable in a phylogenetic analysis. A subsequent reanalysis of the available morphological data reveals that previously unrecognized diagnostic characters (apomorphies) that can be used also to include sacculinids described in earlier studies, support the clade. The topology of the fully combined molecular tree shows that Polyascus is one of three strongly supported clades. Both the sistergroup to Polyascus: S. oblonga, S. leptodiae, S. sinensis, and S. confragosa, and the outgroup: S. carcini, L. panopaei, and H. californicus, contain species which apparently do not reproduce asexually. Consequently, analyzed under the parsimonious criterion, asexual reproduction has evolved only once within the family. The present study clearly illustrates that molecular methods and classical morphology in reciprocal action provide a powerful analytical tool for tracing evolution and establishing phylogenetic systematics.
